The salt-extractable hydroxyproline-rich glycoprotein (HRGP) of the cell wall of aerated carrot root discs has been studied by polyacrylamide gel electrophoresis. The predominant proline-labeled protein extractable from the cell wall is rich in hydroxyproline as shown by its specific loss of 3H from proline labeled in position 4 and its shift in electrophoretic mobility after labeling in the presence of an inhibitor of hydroxyproline synthesis. Unlabeled HRGP can be identified by staining gels for carbohydrate. The HRGP has been purified by ion exchange chromatography and CsCI gradient centrifugation. The HRGP consists of about 50% protein and 50% carbohydrate with an overall molecular weight of 86,000. The amino acid composition of the protein portion consists of 50% hydroxyproline, 19% basic amino acids, 12% serine, and 10% tyrosine. This glycoprotein accumulates in a salt-extractable pool in the cell wall bing between 10 and 20 hours of aeradon and may also become incorporated into the nonextractable portion of the cell wall.
Hydroxyproline-rich glycoproteins have long been shown to be associated with plant cell walls (11, 19) . Perhaps the most compelling support for a possible structural role in the cell wall comes from studies of Chlamydomonas cell walls in which several HRGP2 are the main structural components (24) . Recent observations indicate a second role for HRGP as a defense against plant pathogens. The lectin of white potato, which binds N-acetylglucosamine oligomers (2) , agglutinates avirulent strains but not virulent strains of Pseudomonas solanacearum (28) . In melon seedlings, the appearance of HRGP is closely correlated with disease resistance to Colletotrichum lagenarium, the causal agent of anthracnose (12) .
In preliminary experiments designed to measure hydroxyproline-rich protein synthesis associated with elongation (or its cessation) in pea epicotyl and lettuce hypocotyl sections, we discovered that the majority of hydroxyproline accumulated adjacent to the cut ends of the tissue (unpublished results). To better understand such accumulation of wound-related HRGP, we turned to the aerated carrot disc system developed by Chrispeels (7) . This system is well suited for study because a large portion of the HRGP can be salt extracted from the wall (5, 7, 8) . Chrispeels et al. (7, 9) that this process may be involved in structural reformation of the wall or, perhaps, in disease resistance following wounding (9) . Here we present methods for identification, electrophoresis, and purification of the salt-extractable HRGP of aerated carrot discs. In addition, we have characterized its mol wt, shown that it has an unusual amino acid composition, and determined the time course of its appearance in the cell wall.
MATERIALS AND METHODS Incubation. Tap roots of carrots were obtained from local grocery stores and stored at 4 C until needed. During the winter, fresh carrots with leaves were used because other material would not produce HRGP. Carrots were washed and treated aseptically thereafter. Cores of phloem parenchyma were taken with a 7-mm diameter cork borer, sliced free hand into approximately 1-mm thick slices, either counted or weighed, washed twice with H20, and placed in 5 mm K-phosphate (pH 6.0) containing 50 yig/ml chloramphenicol. Incubation was at 30 C with vigorous shaking (7) .
Labeling of Tissue. Six to eight discs which had been aerated for 24 h in 5 ml buffer were washed with H20 and transferred to new medium. Labeled proline and 0.1 mm a,a'-dipyridyl were given at zero time. No carrier proline was included. After 1 h of incorporation, discs were washed with ice cold I mm proline. Tissue was homogenized in 10 ml 5 mm K-phosphate (pH 6) in a mortar and then in a TenBroeck homogenizer. The homogenate was centrifuged at l,000g for 2 min, a sample of the supernatant was taken for precipitation in 5% trichloroacetic acid (w/v), and the pellet was resuspended in H20. Centrifugation and resuspension were repeated eight to 10 times. Cell wall pellets were resuspended three times in 3.3 ml of 0.2 M CaCl2 and centrifuged at 2,000g. The CaCl2 extracts were pooled, filtered through a Millipore prefilter, and dialyzed overnight against 4 liters H20. In double label experiments, the ratio of '4C/3H in ,tCi was 1:10. The labels used were [4-3HJproline (1.55 Ci/mmol), Ci/mmol), and [U-'4C]proline (250 mCi/mmol) from New England Nuclear.
Extraction of Cell Wall Protein in Bulk. Discs (90 g) were aerated 65 to 75 h in six 500-ml flasks (15 g per flask) each containing 50 ml of incubation media. Discs were washed daily with H20 and given fresh incubation media. After incubation, the discs were drained, washed with H20, and placed in 600 ml ice cold homogenization buffer containing 9 The stacking gel was the same as above except that 0.935 mm Kacetate buffer (pH 3.0) was used. Proteins were stacked as above and run at 250 v for 24 h at 4 C.
After electrophoresis, the gels were fixed in 50%o trichloroacetic acid, and the proteins were stained by soaking gels in 2.5% (w/v) CB R-250, 45% (v/v) methanol, and 5% (v/v) acetic acid in H20 for 3 h to overnight and then destained in the same solution without dye. Gels were stained for carbohydrate using the PAS reaction described by Fairbanks et al. (14) . [4- H]proline in the presence of a,a'-dipyridyl increases the mobility of the major labeled protein (Fig. IC) . In addition, no increase in the 4C/ H ratio occurs in the presence of a,a'-dipyridyl. The specific loss of3H from position 4 of proline, combined with the sensitivity of this effect to a,a'-dipyridyl, indicates that the major peak of radioactivity, and the two adjacent peaks (Fig. 1, A and B) , extracted from cell walls contain hydroxyproline.
The staining and radioactivity profiles of CaCl2-extractable cell wall proteins from 2-day-old discs which were also labeled with [3-3H] proline are shown in Figure 2 . Two identical gels were stained with either CB (OD595) or with PAS reagent (OD550). The gel stained for protein was used for the radioactive measurements shown, whereas the gel stained for carbohydrate had the same profile of radioactivity. The major peak of radioactivity is coincident with a PAS-positive peak, whereas no CB-staining peak occurs at this position.
The ['H3proline labeled proteins extracted from the cell walls of carrot discs aged for 72 h were subjected to ion exchange chromatography (Fig. 3) . A large amount of protein is eluted during initial washing with salt. The major peaks of protein and radioactivity retained by the column are coincident and elute at 0.11 M Tris-Cl at pH 8.0. Fractions containing the salt-eluted proteins were pooled and centrifuged in CsCl (Fig. 4) and banded according to their buoyant density. A major band of protein occurs at a mean density of 1.439 g cc-, whereas a minor band is present at 1.307 g cc-l. The material banding at 1.439 g cc-' was used for further experiments described below.
Material obtained from salt extraction, ion exchange chromatography, and CsCl gradient centrifugation was electrophoresed on 8 M urea cationic gels and on SDS gels (Fig. 5) We have estimated the mol wt of the hydroxyproline-rich protein using two methods. The results of pore gradient gel electrophoresis of the hydroxyproline-rich cell wall protein and protein standards (nonglycoproteins) are shown in Figure 6 . Here, samples are electrophoresed for 24 h in a highly cross-linked, low porosity gel and approach their exclusion limit. A linear relationship exists between migration distance and the logarithm of mol wt of protein standards. The cell wall protein migrates at two positions of equal staining intensity indicating apparent mol wt of 92,000 (I) and 86,000 (II). When radioactive cell wall protein is run on a linear sucrose gradient, it bands between human transferrin and the dimer of BSA (Fig. 7) . A plot of migration versus mol wt (inset) indicates a mol wt of 86,000 without resolving into two bands.
Purified material was hydrolyzed for 24, 48, and 72 h and analyzed for amino acid composition (Table I) . The amino acid analysis shows 50% hydroxyproline, 12.8% serine, 11.4% histidine, 10.1% tyrosine, 6.9% lysine, and lesser amounts of the other amino acids. Cystine and phenylalanine residues were not detectable.
The time course of the accumulation of the hydroxyproline-rich cell wall protein, as measured by PAS staining in gels, is shown in Figure 8 . In freshly cut and 10-h aged discs, the amount of extractable glycoprotein is low. Accumulation of salt-extractable protein occurs after 10 h and by 50 h has increased 20- Table  II show that, although the total hydroxyproline in the cell wall increases by nearly 3-fold, the salt-extractable hydroxyproline increases by almost 11 -fold. During the same incubation period, total wall protein has increased by 50% over the initial amount.
DISCUSSION
The salt-extractable HRGP of carrot discs has a number of characteristics which set it apart from other proteins. It has been noted that salt-extractable HRGP is soluble in 5% trichloroacetic acid (10) , and this feature has been used by others for the purification of HRGP from carrot (5) . This protein does not enter SDS (29) (Fig. 5) by an increase in 14C/3H ratio, from position 4 compared to position 3 of proline indicates that the major band of radiolabeled protein is hydroxyproline-rich (Fig. 1, A and B) . The difference in the 14C/3H ratio between cytoplasmic and hydroxyproline-rich proteins (Fig. 1B) indicates that at least 78% of the proline residues in this band have been hydroxylated. The in vivo inhibitor of prolyl hydroxylase, a,a'-dipyridyl (8, 10) , prevents tritium loss from [4-H] proline (25, 31) and changes the position of the major labeled protein in the gel (Fig. IC) . This change in migration is probably due to a decrease in mol wt of the major band in Figure  1B , because in normal HRGP, a moiety of one to four arabinoses are glycosidically attached to the hydroxyl group of hydroxyproline (5, 18) . Removal of these arabinose residues by acid hydrolysis also shifts the position of the major proline-labeled protein to a lower position in the gel (29, personal observations). This general It was necessary to establish an assay based on staining characteristics to identify and quantitate unlabeled HRGP. Salt-extractable material from walls of 24-h aged discs contained a PASpositive band which comigrates with the major proline-labeled band (Fig. 2) . Both PAS and CB staining were used to assess purity of preparations (Fig. 5 ). CM-ion exchange has been previously used to purify HRGP (5) and was also used here (Fig. 3) . The material isolated by salt extraction and purified as above stains as one band, and upon increased loading, three minor bands appear higher in the gel (Fig. 5) . Even in this case, 94% of the PAS-positive material is present in the major band. The minor bands have staining properties similar to those in the major band.
They are (a) PAS positive and routinely CB negative or (b) when they do stain with CB, they also turn purple on standing. In addition, the nearest minor band migrates to a mol wt of 170,000 in the gradient gel system, indicating that it may be a dimer formed either by aggregation or covalent attachment of the components of the major band.
The 6.5% acrylamide (pH 3) gel system used for most of this work does not separate solely on the basis of mol wt and, furthermore, cannot be used for mol wt plots by the Ferguson method because of the large amount of carbohydrate in the HRGP (27, data not shown). Mol wt estimates based on exclusion limit (Fig.  6 ) resolves the main band into two equal components of apparent mol wt of 92 and 86 kdaltons. This method is useful for obtaining relative molecular sizes of precursor proteins and glycoprotein fragments but is subject to errors due to the use of protein (rather than glycoprotein) standards. Sedimentation of labeled HRGP on sucrose gradients gives an average mol wt of 86,000 daltons with only 3% error due to buoyancy differences between standard proteins and the unknown (21) . If it is assumed that the HRGP is 50%o carbohydrate by weight (5, Fig. 4 ), the peptide portion should be about 43 kdaltons.
Amino acid analysis of the purified glycoprotein indicates that 50%o of the peptide is hydroxyproline and that five amino acids make up 92% of its composition (Table I) . Also notable is the lack of cysteine and phenylalanine and the relatively low levels of other common amino acids. The large proportions of lysine and histidine are probably responsible for the basicity of HRGP (5).
The 45:1; hydroxyproline-proline ratio indicates that nearly all Plant Physiol. Vol. 66, 1980 prolyl residues are hydroxylated. Hydroxyproline and serine occur in a 4:1 ratio which is similar to the ratio found for the recurrent pentapeptide sequenced by Lamport (13, 20) and the hydroxyproline-rich domain of potato lectin (2) . Of other hydroxyproline-rich proteins for which amino acid compositions have been reported (1, 3, 5, 6, 20) , the only similar analysis is that of Klis (16) on covalently attached HRGP from cell walls of pea epicotyls. Table  I allows the comparison of the two compositions and shows that hydroxyproline, serine, valine, and lysine are common abundant amino acids.
Chrispeels (8) has suggested that the salt-extractable HRGP of carrots is a precursor to a covalently bound cell wall protein. Indeed, the similarity between pea cell wall and carrot HRGP also seems to indicate this. The results shown in Figure 8 and Table II, however, demonstrate that there is at least a 17-fold increase in salt-extractable HRGP from the cell wall over 50 h of incubation. The increase in the specific HRGP studied here occurs between 10 and 20 h of aeration (Fig. 8) . Clearly, some HRGP is accumulating in this salt-extractable pool, whereas only a 2-fold increase in nonextractable hydroxyproline occurs over the same period (Table II) . It is not clear from these data whether the saltextractable HRGP we have characterized is a precursor to the covalently bound hydroxyproline or whether a distinctly different protein becomes attached to the cell wall. Pulse-chase experiments combined with electrophoresis should establish the fate of the saltextractable HRGP of carrots.
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